into four major classes: fatty acid derivatives, phenylpropanoids/ benzenoids, terpenoids, and norisoprenoids Yang, Baldermann, & Watanabe, 2013) . Among these classes, fatty acid derivatives play a vital role determining the tea aroma during the postharvest process.
An important cash crop, the tea plant encounters light, heat, and wounding stresses during postharvest process (Cho et al., 2007; Gui et al., 2015) . C 6 -compounds, including hexanal, cis-3-hexenal, hexanol, and cis-3-hexenol, are volatiles derived from long-chain unsaturated fatty acids (e.g., linolenic acid and linoleic acid). The three enzymes LOX (lipoxygenase, EC 1.13.11.12), HPL (hydroperoxide lyase, EC 4.1.2.-), ADH (alcohol dehydrogenase, EC 1.1.1.1), and an isomerization factor in the LOX-HPL pathway are responsible for the biosynthesis of the volatile C 6 -compounds in tea leaves, as shown in Figure 1 (Hatanaka & Harada, 1973; Kajiwara, Harada, & Hatanaka, 1975; Matsui et al., 2000; Qian, Sun, Xu, Zhu, & Xu, 2016; Sekiya, Kawasaki, Kajiwara, & Hatanaka, 1975; Sekiya, Numa, Kajiwara, & Hatanaka, 1976) . Among them, ADH, a zinc-containing enzyme involved in short-chain alcohol metabolism of higher plants, is activated under biotic and abiotic stress (Heinstra, Geer, Seykens, & Langevin, 1989; Kagi & Vallee, 1960; Mangolin, Prioli, & Machado, 1994) . Following ADH activation, C 6 -aldehydes are reduced to C 6 -alcohols under the oxygen deficit condition through the enzymatic action of ADH, regarded as an indicator of anaerobic conditions (Francis et al., 1974; Sekiya, Kajiwara, & Hatanaka, 1984) . C 6 -aldehydes and C 6 -alcohols are key components of green leaf volatiles (GLVs), which are not only plant-defense compounds but also important precursors of tea aroma (Groot et al., 2008; Mu et al., 2014; Ono et al., 2016) . Hence, the activity of ADH and the expression of its related genes are fundamental to the development of tea quality during postharvest process.
A previous study on ADH and its related genes focused on the stress response of plants over a long time period. Much work has shown that ADH genes can respond to dehydration (Cirilli et al., 2012) , low temperature (Strommer, 2011) , and abscisic acid (Lu, Paul, Mccarty, & Ferl, 2018 ) and play essential roles in fruit ripening (Hao, Cao, Jin, Tang, & Qi, 2016) , seedling development (Díaz, Fernández, & Martínez, 2016) , and pollen formation (Freeling, 1978) . In the field study of tea plants, Xin, Sun, and Chen (2013) (Francis et al., 1974 ) studied the seasonal variation of ADH in tea leaves. However, a little work has been performed on the relationship between ADH and the development of tea quality during the postharvest process.
In the present study, one bud and three or four leaves of the tea plant (Camellia sinensis cv. Huangdan) were sampled during the postharvest process of oolong tea. The chemical profiles of the C 6 -aldehydes and C 6 -alcohols, the activity of the enzyme ADH, and the expression of CsADH (accession number: HM440157.1) during the postharvest process of oolong tea were investigated. Furthermore, potential CsADH genes were selected and analyzed using the tea tree genome database. Our study provides a reference for researches into the changes of volatile C 6 -compounds during the postharvest process of oolong tea. In addition, the results of this study provide insight into the mechanisms underlying aroma formation during the manufacturing of oolong tea.
| MATERIAL S AND ME THODS

| Plant material and postharvest treatments
Tea leaves were collected from Camellia sinensis var. Huangdan, a popular cultivar in the oolong tea production area. Tea leaves were sampled in the university research field of Fujian Agriculture and Forestry University (26°04'N, 119°14'E) (Fuzhou, China) from 3 to 5 p.m. on 1st October 2018 under sunny conditions. The fresh leaves (P) were sampled at 4.00 p.m.; the solar withering (SW) treatment spanned 30 min. Turnover treatment is an important step in the F I G U R E 1 LOX-HPL pathway for volatile C 6 -compounds derived from unsaturated fatty acids. LOX: lipoxygenase, EC 1.13.11.12; HPL: hydroperoxide lyase, EC 4.1.2.-; ADH: alcohol dehydrogenase, EC 1.1.1.1; IF: isomerization factors; LNAHPO: hydroperoxide of α-linolenic acid; LAHPO: hydroperoxide of linoleic acid postharvest process of oolong tea. Turnover was carried out three times, and the turnover machine maintained a rate of 25 rounds per min. Tea leaves were turned over for five min each time, and then, indoor withering treatment was performed for 1.0 hr. Leaves at time points designated 1T, 2T, and 3T were sampled after the first, second, and third stage, respectively, of turnover treatment and composed the experimental group (EG), with the weight of leaves sampled at each time point totaling 500 g. The remaining indoor withered leaves were used as a control group (CK) and were not subjected to turnover treatment; subgroups CK1 to CK3 were sampled at the same time points as the EG leaves, with 500 g of leaves sampled at each time point. Sampling for each treatment was repeated three times. All samples were wrapped in tin foil, rapidly fixed with liquid nitrogen, and then placed in an ultra-low temperature freezer (−70°C).
| Detection of volatile components C 6 -aldehydes and C 6 -alcohols
Each sample was subjected to freeze-drying as pretreatment, and 2.0 g 
| Detection of ADH enzyme activity
| Screening conditions for the genome database and bioinformatics analysis tool
Based on the tea plant whole genome (CSA) database ( The RT-qPCR primers for the tea plant ADH-related genes were designed using DNAMAN 6.0 (Table S1) , and the expression levels
of CsADH genes during the postharvest process of oolong tea were detected using a LightCycler® 480 instrument according to the instructions provided with the Takara SYBR Premix Ex Taq TM kit. Three biological determinations were repeated three times using the relative quantification method 2 −△△Ct (Livak & Schmittgen, 2001 ). The expression levels of the ADH-related genes were normalized by CsEF-1α expression . The reaction system was performed in a volume of 20 μl comprising 1.0 μl of cDNA, 10 μl of SYBR II, 0.8 μl of upand downstream primers, and 7.4 μl of ddH 2 O. PCR was performed following the same program used for the semiquantitative RT-PCR assay.
| Data analysis
PASW Statistics 18.0 software was used for analysis, and differences in ADH activity and the relative expression of related genes were analyzed using the least significant difference test (LSD) (Thiele-Bruhn & Beck, 2005) at a significance level of p < .05. Differences between the experimental group and the control group were evaluated at significance levels of p < .05 and p < .01. Correlations of ADH activity and the relative expression levels of related genes in the experimental and control groups were analyzed using Spearman correlation analysis.
| RE SULTS
3.1 | Total contents and compositions of C 6 -aldehydes and C 6 -alcohols during the postharvest process of oolong tea
The total contents of C 6 -aldehydes and C 6 -alcohols during the postharvest process of oolong tea were detected via GC-MS.
C6-aldehydes, including hexanal, cis-3-hexenal and trans-3-hexenal, were detected. The relative amounts of hexanal and trans-3-hexenal exhibited a decreasing trend in the EG, whereas the relative amount of cis-3-hexenal increased slightly but not significantly. The relative amounts of the three kinds of C 6 -aldehyde all showed increasing trends, and the difference between the EG and CK group reached significance at both the 2T and 3T stages. C 6 -alcohols, including hexanol, cis-3-hexenol, and trans-3-hexenol, were also detected; their levels continuously increased after intermittent mechanical wounding at turnover in the EG, reaching a peak at 3T. Although the relative amounts of the four alcohols also increased in the CK group, the differences from EG were generally significant (p < .05 or p < .01).
These results indicated that the turnover process of oolong tea can significantly transform C 6 -aldehydes into C 6 -alcohols. This indicates that although some C 6 -aldehydes with unpleasant GLVs evaporated, others were converted into soft and fragrant C 6 -alcohols (Figure 2a-f ). Furthermore, the total contents of C 6 -aldehydes and C 6 -alcohols at the SW stage were increased by turnover. Turnover treatment slowed the accumulation of C 6 -aldehydes. The accumulation was further slowed during the 2T and 3T stages. A large amount of C 6 -aldehydes accumulated in the CK group, and there were extremely significant differences between the EG and the CK group at the 2T and 3T stages (Figure 2h ). In contrast, the total amount of C 6 -alcohols was higher in the EG than in the CK group, and there was an extremely significant difference between 3T and CK3 (Figure 2g ).
| Changes in ADH activity during the postharvest process of oolong tea
The analysis result of ADH activity measured by visible light spectrophotometry showed that ADH activity was low in P (0.020 U 2 ) but then increased significantly, peaking in the SW phase (0.550 U 2 ). At F I G U R E 2 Changes in C 6 -aldehyde and C 6 -alcohol levels during postharvest process of oolong tea. Samples were obtained at each stage of the manufacturing process (P, fresh leaves; SW, solar withering; 1T, the first turnover (and control); 2T, the second turnover (and control); 3T, the third turnover (and control)). The relative amounts of six kinds of C6-compounds, hexenal (a), hexanol (b), cis-3-hexenal (c), cis-3-hexenol (d), cis-3-hexenal (e), and trans-2-hexenol (f), were detected. The total amounts of C 6 -aldehydes (g) and C 6 -alcohols (h) were detected. Note: One or two asterisks denote a statistically significant difference (*p < .05; **p < .01) in relative amount between the EG group and the CK group at the same sample time. Values within the same stage followed by the same letter do not differ significantly (p > .05). Error bars indicate the standard error (SE) of the mean the beginning of the turnover stage, the activity of ADH was significantly lower than that during SW. ADH activity was lowest during the 1T stage (0.003 U 2 ), as the mechanical wounding due to turnover inhibited the activity of ADH in solar-withered leaves. However, as turnover progressed, ADH activity gradually increased. The ADH activity of CK1 and CK2 was higher than that of EG until the third turnover, at which time the enzyme activity of 3T was higher than that of CK3 (Figure 3 ).
| Screening and sequence analysis of ADH genes based on the tea plant genome
A total of 102 candidate fragments were obtained based on the Table S2 .
Multiple sequence alignment and phylogeny evolution analysis were carried out on the 49 selected segments, and 25 ADH genes of 17 species were found and distributed across two parts of the phylogenetic tree. One part (colored yellow in the figure) represents the 49 CDS fragments screened from the CSA database, and the other part (colored green in the figure) represents the ADH genes from other species registered in GenBank (Figure 4b ). It is noteworthy that A14 and A26 exhibit short genetic distances from the ADH genes of grape, longan, and Dendrobium candidum. These two CDSs were designated CSA019598 and CSA019100 in the CSA database and belong to the ADH2 family of genes in plants.
Therefore, CSA019598 and CSA019100 were regarded as the main target genes in our subsequent analysis. The two segments were subjected to clustering analysis using the neighbor-joining (NJ) method. Compared with CSA019100, CSA019598 has a closer genetic distance to VvADH2, VvADH6 of grape, and DlADH2 of longan.
CSA019598 had high sequence similarity to VvADH2 and VvADH6, with values of 87.37% and 87.89%, respectively. The amino acid sequences of CSA019598 and CSA019100 were compared with the conserved domains from other species with close genetic relationships with tea tree. The results showed that the amino acid sequence of the ADH gene of the tea plant was highly consistent with that of grape, Dendrobium, and longan, indicating that the amino acid sequence of ADH is highly conserved in plants. In the 234-256 locus region of the CSA019100 fragment, there was a redundant series of 23 amino acids, which was regarded as an interval sequence of CSA019100 ( Figure S1 ). The deletion of this fragment may be a tran- 
| Semiquantitative RT-PCR and RT-qPCR analysis of ADH-related genes
RT-qPCR assay showed that the relative expression level of CsADH increased significantly from the P stage to the 2T stage and then began to decrease in 3T. In the CK group, the variation in ADH activity was consistent with changes in ADH transcript level, but the difference in ADH activity between the CK group and EG was not significant. The relative expression levels of the CsADH gene were significantly different between the EG and the CK group (p < .05; Figure 5a ).
Using CsEF-1α as a reference gene, semiquantitative RT-PCR analysis was performed on CSA019598 and CSA019100. A redundant interval was found in the amino acid sequence analysis of CSA019100, as previously discussed, and the random primer (A26-1) of the CSA019100 segment and the specific primer of redundant (A26-2) interval were designed separately in semiquantitation. As shown in Figure S2 , compared with the band of the reference gene, the CSA019598 band was bright, whereas CSA019100 did not show F I G U R E 3 Analysis of ADH activity during the postharvest process of oolong tea. Samples were obtained at each stage of the manufacturing process (P, fresh leaves; SW, solar withering; 1T, the first turnover (and control); 2T, the second turnover (and control); 3T, the third turnover (and control)). Note: One or two asterisks denote a statistically significant difference (*p < .05; **p < .01) between the EG group (black bars) and the CK group (white bars) in activity within a sample time. Values within the same stage followed by the same letter do not differ significantly (p > .05).
Error bars indicate the standard error (SE) of the mean CK group, respectively, and were not significant. In contrast, the coefficients of the correlation between ADH activity and the relative expression of CSA019598 were 0.521 and 0.650 in the EG and the CK group, respectively, and were significant (p < .05) and extremely significant (p < .01), respectively (Table 1) .
| D ISCUSS I ON
4.1 | Conversion of C 6 -aldehyde and C 6 -alcohol compounds by ADH in the postharvest process of oolong tea
As a key enzyme in the LOX pathway, ADH plays important roles in the transformation and formation of volatile C 6-compounds during the postharvest process of oolong tea (Heinstra et al., 1989; Matsui et al., 2000; Sekiya et al., 1976) . We found that ADH activity peaked during the SW stage. This might have been due to the damage to the fresh tea leaves by harvesting and the abiotic stresses that occurred before the SW treatment was completed. The fresh leaves were exposed to environmental stresses (e.g., light, heat) in vitro (You et al., 2018) , leading to an increase of ADH activity. As a key contributor to oolong tea aroma quality (Liu, Yin, Chen, Wang, & Xu, 2018) , turnover is a stress that combines water deficit and mechanical wounding; mechanical wounding could be regarded as a novel stress that further damaged the solar-withered leaves (Zeng, Watanabe, & Yang, 2018) . ADH activity plummeted at the beginning stage of turnover treatment, possibly because the leaves were adjusting to a new stress factor. Subsequently, ADH activity gradually increased throughout the turnover process, suggesting that ADH activity responded to the mechanical wounding in vitro.
Gui et al. (Hatanaka & Harada, 1973 ) (2015 demonstrated that the activity of key rate-limiting enzyme in the fatty acid metabolism pathway during the manufacturing process (LOX) gradually increased as turnover proceeded. The present research showed that although the increase in ADH activity, as a downstream enzyme, during turnover was not as extensive as that observed for LOX and HPL, the pattern was similar. The mechanical stress of turnover causes strong frictional collisions among the tea leaves. Breakage of the leaf edge causes enzymatic oxidation of phenolic and other substances of tea leaves, which leads to the conversion and production of secondary metabolites (Jin, Guo, Sun, Ji, & Su, 2003) .
The detection of volatile components in the samples showed that turnover significantly reduced the level of C 6 -aldehydes and increased the level of C 6 -alcohols. Sekiya et al. found that a reduction in ADH activity was related to the accumulation of C 6 -aldehydes in leaves during summer (Francis et al., 1974) . Turnover promoted the transformation of volatiles of oolong tea from GLVs to soft, flowery and fruity odors. ADH reduced the C 6 -aldehydes produced by the LOX-HPL system to yield C 6 -alcohols, providing rich precursors for the derivatives of leaf alcohol esters with floral and fruity aroma in oolong tea.
| Expression and regulation of the ADH gene during the postharvest process of oolong tea
The amounts of CDS segments of CsADH and CSA019598 all increased during the withering process, and the differences be- that the physiological response of grapes preceded the changes in gene expression (Cirilli et al., 2012) . Our study found that the change in expression level of CSA019598 temporally coincided with the change in ADH activity, indicating that the synchronicity of ADH activity and its related genes might be stronger in leaves than in fruit.
| CON CLUS ION
There may be a regulatory mechanism for the conversion of C 6 -aldehydes and C 6 -alcohols in the LOX-HPL pathway during the postharvest process of oolong tea. Volatile C 6 -compounds are derived from α-linolenic and linoleic acid during the postharvest process of oolong tea. Mechanical wounding stimulates ADH activity and changes in the transcription levels of related genes during the turnover stages, and C 6 -aldehydes, including hexanal, cis-3-hexenal, and trans-3-hexenal, are gradually reduced to C 6 -alcohols, including hexanol, cis-3-hexenol, and trans-3-hexenol. In conclusion, ADH activity and the transcriptional level of CsADH genes determine the amounts of volatile C 6 -alcohols formed, which control the quality of the fresh leaves processed for tea production ( Figure 6 ). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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R E FE R E N C E S F I G U R E 6
Analysis of the transformation of C 6 -aldehydes and C 6 -alcohols under the reduction of ADH during the postharvest process of oolong tea. Tea leaves were sampled at each step of the postharvest process for chemical profiling of C 6 -aldehydes and C 6 -alcohols and gene expression profiling. ADH reduces C 6 -aldehydes (hexanal, cis-3-hexenal, and trans-3-hexenal) into C 6 -alcohols (hexanol, cis-3-hexenol, and trans-3-hexenol) during the postharvest process of oolong tea under mechanical wounding conditions. CSA019598 might be a functional CsADH gene that plays a major regulatory role during postharvest process
